One of the main causes of failure of fluorescence in situ hybridization with rRNA-targeted oligonucleotides, besides low cellular ribosome content and impermeability of cell walls, is the inaccessibility of probe target sites due to higher-order structure of the ribosome. Analogous to a study on the 16S rRNA (B. M. Fuchs, G. Wallner, W. Beisker, I. Schwippl, W. Ludwig, and R. Amann, Appl. Environ. Microbiol. 64:4973-4982, 1998), the accessibility of the 23S rRNA of Escherichia coli DSM 30083 T was studied in detail with a set of 184 CY3-labeled oligonucleotide probes. The probe-conferred fluorescence was quantified flow cytometrically. The brightest signal resulted from probe 23S-2018, complementary to positions 2018 to 2035. The distribution of probe-conferred cell fluorescence in six arbitrarily set brightness classes (classes I to VI, 100 to 81%, 80 to 61%, 60 to 41%, 40 to 21%, 20 to 6%, and 5 to 0% of the brightness of 23S-2018, respectively) was as follows: class I, 3%; class II, 21%; class III, 35%; class IV, 18%; class V, 16%; and class VI, 7%. A fine-resolution analysis of selected areas confirmed steep changes in accessibility on the 23S RNA to oligonucleotide probes. This is similar to the situation for the 16S rRNA. Indeed, no significant differences were found between the hybridization of oligonucleotide probes to 16S and 23S rRNA. Interestingly, indications were obtained of an effect of the type of fluorescent dye coupled to a probe on in situ accessibility. The results were translated into an accessibility map for the 23S rRNA of E. coli, which may be extrapolated to other bacteria. Thereby, it may contribute to a better exploitation of the high potential of the 23S rRNA for identification of bacteria in the future.
1082-1100 GCTATTACGCTTTCTTTAA 42 III 23S-1101  1118-1118  GGCCGACTCGACCAGTGA  65  II  23S-1137  1137-1154  CGGTGCATGGTTTAGCCC  59  III  23S-1155  1155-1172  GTGTCGCTGCCGCAGCTT  60  III  23S-1173  1173-1191  CCTACCCAACAACACATA  58  III  23S-1192  1192-1209  AGGCTTACAGAACGCTCC  49  III  23S-1210  1210-1227  CTCACAGGCCACCTTCAC  61  II  23S-1228  1228-1245  CTGATACCTCCAGCAACC  32  IV  23S-1246  1246-1263  ATGTCAGCATTCGCACTT  61  II  23S-1264  1264-1281  CCCGCTTTATCGTTACTT  66  II  23S-1282 1282 ACCESSIBILITY OF E. COLI 23S rRNA TO FLUORESCENT PROBESabsorption of the respective dye were determined in order to check the labeling quality of the oligonucleotides (6).
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FISH.
As described previously (6) , approximately 4 ϫ 10 6 cells were hybridized in 80 l of buffer containing 0.9 M sodium chloride, 0.01% sodium dodecyl sulfate, 20 mM Tris-HCl (pH 7.2), and 1.5 ng of fluorescent probe l Ϫ1 at 46°C for 2 h. Subsequently, cells were pelleted by centrifugation for 2 min at 4,000 ϫ g, the supernatant was discharged, and the cells were resuspended in 100 l of hybridization buffer containing no probe. After being washed for 20 min at 46°C, samples were mixed with 300 l of 1ϫ phosphate-buffered saline (pH 9.0 for FAM-labeled probes), immediately placed on ice, and analyzed within 3 h.
Flow cytometry. Probe-conferred fluorescence of hybridized cells was quantified by a FACStar Plus flow cytometer (Becton Dickinson, Mountain View, Calif.). For CY3-and TAMRA-labeled probes, the argon ion laser was tuned to an output power of 750 mW at 514 nm. Forward-angle light scatter (FSC) was detected with a BP 530/30 (Becton Dickinson) band pass filter. Fluorescence (FL1) was detected with a 620 (Ϯ60)-nm band-pass filter (Gesellschaft für dünne Schichten mbH; Hugo Anders, Nabburg, Germany). FAM-labeled probes were excited with the 488-nm line of the argon ion laser at an output power of 500 mW. FSC was then detected through a BP 488/10 (Becton Dickinson) band-pass filter, and FL1 was detected through a BP 530/30 band-pass filter.
The system threshold was usually set on FSC. FAM-labeled probes were measured with 1ϫ PBS (pH 9.0), and CY3-and TAMRA-labeled probes were measured with deionized water as sheath fluid. Polychromatic, 0.5-m polystyrene beads (Polysciences, Warrington, Pa.) were used to check the stability of the optical alignment of the flow cytometer and to standardize the fluorescence intensities of cells hybridized with CY3-labeled probes. For quantification of cells hybridized with FAM-labeled probes, 0.5-m yellow-green polystyrene beads were used. TCGCGTACCACTTTAAAT  43  III  23S-2578  2578-2595  CGACGTTCTAAACCCAGC  45  III  23S-2596  2596-2613  AGGGACCGAACTGTCTCA  55  III  23S-2614  2614-2630  CAGCGCCCACGGCAGAT  23  IV  23S-2631  2631-2648  CAGCCCCCCTCAGTTCTC  67  II  23S-2649  2649-2666  GTCCTCTCGTACTAGGAG  51  III  23S-2667  2667-2684  AGTGATGCGTCCACTCCG  44  III  23S-2685  2685-2702  CATGACAACCCGAACACC  9  V  23S-2703  2703-2720  ACCGGGCAGTGCCATTGG  21  IV  23S-2721  2721-2738  TCTCTTCCGCATTTAGCT  59  III  23S-2739  2739-2756  AGATGCTTTCAGCACTTA  5  VI  23S-2757  2757-2774  GGGGCAAGTTTCGTGCTT  27  IV  23S-2775  2775-2792  TCAGGGAGAACTCATCTC  37  IV  23S-2781  2781-2798  TAAGTCTCAGGGAGAACT  12  V  23S-2799  2799-2816  CGTTCCTTCAGGAGACTC  51  III  23S-2811  2811-2828  CGTCGTCTTCAACGTTCC  60  III  23S-2829  2829-2846  CACCCGGCCTATCAACGT  60  III  23S-2840  2840-2857  CTGCGCTTACACACCCGG  58  III  23S-2858  2858-2875  GGTTAGCTCAACGCATCG  60  III  23S-2865  2865-2882  TAGTACCGGTTAGCTCAA  48  III  23S-2883  2883-2900  TTAAGCCTCACGGTTCAT  44  III  23S- Data acquisition and processing. The parameters FSC and FL1 were recorded as pulse height signals (4 decades in logarithmic scale each), and for each measurement 10,000 events were stored in list mode files. Subsequent analysis was done with the CellQuest software (Becton Dickinson). Probe-conferred fluorescence was determined as the median of the FL1 values of single cells recorded in a gate that was defined in an FSC-versus-FL1 dot plot. Fluorescence of cells was corrected by subtraction of background fluorescence of negative controls and standardized to the fluorescence of reference beads. All values were finally expressed relative to the value for the brightest probe detected.
Probe-conferred fluorescence intensities were recorded for triplicate samples. Each replicate represents independent cell hybridization. Only triplicates with a coefficient of variation of less than 10% were accepted; otherwise, the quantification was repeated. The mean of triplicate measurements is given in Table 1 .
Comparison of 16S rRNA and 23S rRNA. A total of 13 probes were chosen to compare 16S rRNA and 23S rRNA accessibilities, with six probes targeting the 16S rRNA and seven targeting the 23S rRNA. The former were taken from the study of Fuchs and colleagues (6) . Since the 16S rRNA was previously screened with FAM-labeled oligonucleotides and the 23S rRNA in this study was screened with CY3-labeled probes, probe batches labeled with FAM and CY3 and additionally with a third dye, TAMRA, were quantified. All probes were hybridized against the same E. coli batch, and all fluorescence intensities were standardized to the fluorescence of the brightest probe on the 16S rRNA, Eco1482.
RESULTS AND DISCUSSION
23S rRNA accessibility. The brightest signal after hybridization to the 23S rRNA on E. coli was recorded for probe 23S-2018 binding to positions 2018 to 2035 (5). Consequently, fluorescence intensities from all probes were expressed as a percentage of that of 23S-2018 and grouped into six brightness classes (Table 1 ). Class I probes showed 100 to 81% of the 23S-2018 probe's fluorescence, class II showed 80 to 61%, class III showed 60 to 41%, class IV showed 40 to 21%, class V showed 20 to 6%, and class VI showed 5 to 0% (6) . An additional five probes yielded signal intensities of class I: 23S-218 (81%), 23S-974 (94%), 23S-1497 (83%), 23S-1696 (94%), and 23S-2236 (81%) (Fig. 1) . More than half of the probes tested fell in classes II and III. They targeted coherent areas, e.g., between helices 2 and 7, 13 and 16, 19 and 24, 31a and 32, 41 and 46, 47 and 52, 54 and 56, 59 and 62, 66 and 67, 72 and 74, 84 and 88, 92 and 93, 94 and 95, and 99 and 101 (Fig. 1) . About a third of the probes quantified had medium (class IV) (33 probes) to low (class V) (30 probes) accessibility on the 23S ribosomal RNA. Most clustered, e.g., around helix 31, the long helix 38, between helices 54 and 59, at helices 63, 68, and 69, in the area encompassing helices 89 to 92, and at helix 96. The rest were spread over the 23S rRNA molecule (Fig. 1) . Twelve probes yielded signals hardly above background levels (relative fluorescence, 0 to 5%). These highly inaccessible sites are at helices 10, 35, 38, 38, 53, 58, 75, 76, 78, and 97 (Fig. 1) . Hybridization of these class VI probes at 37 and 41°C did not enhance the probe-conferred signals (data not shown).
Fine mapping. Four regions showing steep changes in accessibility were examined at a higher spatial resolution with additional probes ( Fig. 1; Table 1 ). The class III probe 23S-939, with a relative fluorescence of 49%, is surrounded by the class VI probes 23S-921 (relative fluorescence, 3%) and 23S-956 (4%). The latter is directly adjacent to one of the brightest probes, 23S-974 (94%). Three additional probes that targeted intermediate sites showed fluorescence intensities between the extreme values: for 23S-930, 37%; for 23S-948, 14%; and for probe 23S-965, 51% relative fluorescence.
A similar situation is found between positions 2090 and 2143. There, the class II probe 23S-2108 (relative fluorescence, 63%) is flanked by two sites with low accessibility (23-2090 and 23S-2126, both at 3%). The fine mapping with probes 23S-2099 and 23S-2117 revealed intermediate accessibilities of 41 and 22%, respectively. In the third region examined, the bright probes 23S-2236 (81%) and 23S-2272 (75%) frame the dim probe 23S-2254 (10%). All three probes used for fine resolution of this area, 23S-2227 (48%), 23S-2245 (60%), and 23S-2263 (47%), are class III. Finally, a very steep increase in accessibility could be detected at helix 58a. The 5Ј end of helix 58 and 58a is targeted by four probes (23S-1467, 23S-1479, 23S-1485, and 23S-1491) with a maximal relative fluorescence of 9% (23S-1491) . The adjacent probe 23S-1497 showed high accessibility (83%). When the target site was moved further towards the 3Ј end of the 23S rRNA, the signals dropped again to a class III (23S-1509, 45%, and 23S-1515, 56%) and finally to a class V (23S-1524, 6%, and 23S-1533, 15%) level at the 3Ј end of helix 58.
Current structure models of the large subunit of the ribosome, such as the probably most elaborate model, the 2.4-Å-resolution crystal structure for Haloarcula marismortui (4) or the 7.5-Å cryo-electron microscopic reconstruction for E. coli (9) , provide some possible explanations for sites with low accessibility. The helices 38, 39, and 89, all of which show class V accessibility, are apparently at least partly involved in tight bonds to the 5S ribosomal RNA (see reference 9 and references therein). Interactions with ribosomal proteins may be responsible for the low signals as well, e.g., the interaction of protein L1 with the distal part of helix 68, probes 23S-2117 and 23S-2162 (9). The ribosomal protein L6 presumably causes low levels of fluorescence at the distal part of helix 89. Other parts of the 23S rRNA, such as the helices 75 and 76, are located deeper within the 50S subunit. The respective probes may be hindered in penetrating to the target site. However, the accessibility data presented in our study were obtained on fixed E. coli cells, and therefore attempts to correlate probe accessibility with structural data should be done with great care.
Comparison of 16S and 23S rRNA accessibility. At first glance, the 23S rRNA is more accessible to oligonucleotide probes than the 16S rRNA in the small subunit of the ribosome. Almost 60% of all probes quantified could be grouped in the brightness classes I to III, compared to only 39% on the 16S rRNA. Vice versa, only 23% of the 23S rRNA probes belonged to class V or VI, whereas 32% of probes targeting the 16S rRNA show relatively low binding. However, it must be considered that the study on the in situ accessibility of the 16S rRNA of E. coli was performed with a FAM-labeled oligonucleotide probe, whereas the present study used CY3-labeled probes. CY3 is currently the most-used label in FISH, since it has a high absorption coefficient and a high quantum yield, shows little bleaching and, in contrast to FAM, is pH insensitive. Even though CY3 is a stronger fluorophor than FAM, relative fluorescence values should not be influenced by the change of label.
To nevertheless investigate a potential influence of the fluorescent marker on relative probe binding, a comparison of FAM, CY3, and additionally TAMRA was done with a set of oligonucleotides encompassing 16S and 23S rRNA-targeted probes of different brightness classes. Quantification of the FAM-labeled probes (Fig. 2) showed that Eco1482 was the brightest probe among all probes measured. The FAM-labeled 16S rRNA-targeted probes Eco686 (96%) and Eco1392 (89%) were still brighter than the brightest FAM-labeled probe targeting 23S rRNA, 23S-777 (88%). The lowest fluorescence intensities, with 2% relative fluorescence each, were found for probes Eco468 on the 16S rRNA and 23S-1479 on the 23S rRNA. For TAMRA-labeled probes the picture was similar. The brightest signals could be obtained from Eco1482, followed by 23S-992 (66%), 23S-2018 (64%), and 23S-777 (62%). Probes Eco468 (2%) and 23S-1479 (6%) once again were associated with low accessibility. The CY3-labeled probes, however, generally showed higher relative fluorescence than the FAM-and TAMRA-labeled oligonucleotides. With CY3 as the label, the brightest 23S rRNA-targeted probe, 23S-2018 (131%), showed a higher fluorescence intensity than Eco1482, the brightest probe with FAM and TAMRA, on which all fluorescence values were normalized. Furthermore, probes Eco486, 23S-1479, and 23S-632 showed considerably better relative binding when labeled with CY3 than with FAM and TAMRA (Fig. 2) . Apparently there is a link between the type of label and accessibility. The explanation for this phenomenon may be the more linear chemical structure of the carbocyanine dye CY3 compared to those of the two-dimensional triphenylmethane dyes FAM and TAMRA. A one-dimensional dye molecule might penetrate better into the tight higher-order structure of the ribosome (4). Fluorophor-dependent quenching at the various target sites and differences in the charging or charge distributions of the different dye molecules may be alternative explanations. We have recently started a study on the in situ accessibility of the 16S rRNA of E. coli for CY3-labeled oligonucleotide probes to further investigate this phenomenon in comparison to the earlier data of Fuchs and colleagues (6) . We also investigated whether the accessibility of 23S rRNA target sites is linked to their mean phylogenetic conservation. The coefficient r 2 was found to be 3.7%. Obviously, as previously shown for the 16S rRNA, there is no significant correlation between these two properties (6) (Fig. 3) . Conclusions. The 23S rRNA has twice as many potential probe target sites as the 16S rRNA, for which it is sometimes difficult to find diagnostic sequences unique to a chosen group of organisms. It has been pointed out (1) that even in cases where a 16S rRNA-targeted probe can still be designed, a 23S ACCESSIBILITY OF E. COLI 23S rRNA TO FLUORESCENT PROBESrRNA-targeted probe of similar or identical specificity is valuable in increasing the significance of in situ identification. Due to the high evolutionary conservation of this molecule, the 23S rRNA in situ accessibility map for E. coli can, within certain limits, as previously discussed for the 16S rRNA (6), be extrapolated to other microorganisms. We hope that this study supports a more intensive use of the 23S rRNA as a target for FISH in the future.
